Abstract: The spatial location of an object can be represented in two frames of reference: egocentric (relative to the observer's body or body parts) and allocentric (relative to another object independent of the observer). The object positions relative to the two frames can be either congruent (e.g., both left or both right) or incongruent (e.g., one left and one right). Most of the previous studies, however, did not discriminate between the two types of spatial conflicts. To investigate the common and specific neural mechanisms underlying the spatial congruency effect induced by the two reference frames, we adopted a 3 (type of task: allocentric, egocentric, and color) 3 2 (spatial congruency: congruent vs. incongruent) within-subject design in this fMRI study. The spatial congruency effect in the allocentric task was induced by the task-irrelevant egocentric representations, and vice versa in the egocentric task. The nonspatial color task was introduced to control for the differences in bottom-up stimuli between the congruent and incongruent conditions. Behaviorally, significant spatial congruency effect was revealed in both the egocentric and allocentric task. Neurally, the dorsal-medial visuoparietal stream was commonly involved in the spatial congruency effect induced by the task-irrelevant egocentric and allocentric representations. The right superior parietal cortex and the right precentral gyrus were specifically involved in the spatial congruency effect induced by the irrelevant egocentric and allocentric representations, respectively. Taken together, these results suggested that different subregions in the parieto-frontal network played different functional roles in the spatial interaction between the egocentric and allocentric reference frame. Hum Brain Mapp 38:2112-2127, 2017.
INTRODUCTION
The spatial location of an object can be represented either in the egocentric (relative to the observer's body parts) or the allocentric (relative to another object or a background independent of the observer) reference frame. Egocentric representations are coded in the brain to guide goal-directed actions [Andersen et al., 1997; Goodale and Milner, 1992; Milner and Goodale, 2008] , while allocentric representations are coded to support conscious perception of the external world [Andersen and Buneo, 2002; Goodale and Milner, 1992; Rolls, 1999; Rolls and Xiang, 2006] .
It has been well documented that the egocentric and allocentric reference frames are two interacting, rather than independent, spatial frames of reference. First, neuropsychological evidence from patients with visuospatial neglect showed that the egocentric and allocentric manifestations of neglect could occur not only in isolation on different patients but also together on the same patient [Bisiach et al., 1985; Driver and Halligan, 1991; Marshall and Halligan, 1993; Walker, 1995] , indicating that egocentric and allocentric reference frames may have both shared and specific neural correlates in the brain. It has been accordingly revealed in humans that the two spatial reference frames have not only specific mechanisms in temporal, occipital cortices, and the hippocampus, but also common neural mechanisms in the frontal and parietal lobes [Chen et al., 2012; Fink et al., 1997; Galati et al., 2000; Zaehle et al., 2007] .
Moreover, recent studies directly investigated the mutual influences between the two spatial frames of reference in a variety of behavioral tasks [Neggers et al., 2006; Thaler and Todd, 2010; Zhang et al., 2013] . Upon the appearance of an object, people immediately form multiple representations of the object. More importantly, the allocentric and the egocentric positions of the same object can be either congruent or incongruent. Specifically speaking, a behavioral target could be on the left or right side of the midsagittal line of the participants, and in the meanwhile on the left or right side of another reference object in the background. Therefore, the egocentric and allocentric positions will be congruent if the target is on the same side of the egocentric and the allocentric frames, and incongruent if on different sides (Fig. 1A) . It has been accordingly revealed that the egocentric judgments could be interfered by the irrelevant allocentric positions, and similarly the allocentric judgment could be interfered by the irrelevant egocentric positions [Zhang et al., 2013] .
It remains unknown, however, the common and specific neural correlates underlying the spatial congruency effect caused by the egocentric and the allocentric representations, respectively. In this study, we asked participants to alternatively perform allocentric and egocentric spatial judgments on the same stimulus set. Therefore, the target positions relative to one spatial reference frame were task-relevant while the target positions relative to the other frame were taskirrelevant. In this way, the spatial judgments based on the task-relevant frame of reference could be either facilitated or interfered by the spatial representations in the taskirrelevant frame of reference, depending on the spatial congruency between the two types of representations. In addition, since the bottom-up stimuli were inevitably different between the congruent and incongruent conditions (Fig.  1A ), a nonspatial high-level baseline (HLB, color) task was adopted to control for the potential difference induced by the bottom-up stimuli. Participants were asked to perform a nonspatial color discrimination task on the same set of bottom-up stimuli as that in the spatial tasks. Therefore, by including the nonspatial control task as the HLB, we were allowed to exclude the difference in the bottom-up stimuli between the congruent and the incongruent conditions, and accordingly get the clean effect of spatial congruency in the spatial tasks.
Since the spatial congruency effect in the allocentric task was caused by the irrelevant egocentric representations, we predicted that the neural correlates, which were specifically involved in representing the egocentric positions, would be activated by the spatial congruency effect in the allocentric task. Similarly, since the spatial congruency effect in the egocentric task was caused by the irrelevant allocentric representations, the neural correlates, which were specifically involved in representing the allocentric positions, would be activated by the spatial congruency effect in the egocentric task.
MATERIALS AND METHODS

Participants
Nineteen right-handed participants (7 males and 12 females, 18-25 years old) took part in this study and got paid for their participation. They all have normal or corrected-to-normal vision and no history of neurological or psychiatric disorders. All the participants gave informed written consent prior to the experiments in accordance with the Declaration of Helsinki. This study was approved by the Academic Committee of the School of Psychology, South China Normal University.
Stimuli and Experimental Design
The stimuli consisted of a fork on the top of a plate on a gray background. The diameter of the plate was 158 of visual angle, and the closer end of the fork was 2.58 of visual angle. There were two luminance values for the color of the fork: 64, 64, 64 or 192, 192, 192 (24 bits red, green, blue color coding) . The fork could be located at 4 different locations with respect to the midsagittal of participants (i.e., 22.678, 21.78, 1.78, and 2.678), forming four different egocentric locations of the fork. The relative locations of the fork with respect to the midsagittal of the plate were varied as well (i.e., 23.68, 228, 28, and 3.68) , forming four different allocentric locations of the fork (Fig. 1A) . Therefore, there were 4 (egocentric locations) 3 4 A: Experimental stimuli. The visual stimuli consisted of a fork on the top of a plate. Participants were asked to judge the position of the fork with reference either to the midsagittal of the plate or to the midsagittal of their body. The fork could appear at one of four egocentric positions (22.678, 21.78, 1.78, 2.678) . For each of the four egocentric locations, the location of the plate was independently varied, forming four allocentric positions of the fork (23.68, 228, 28, 3.68) . The stimulus set could be classified into two types according to the spatial congruency (allocentric locations) 3 2 (luminance of the fork) 5 32 types of stimuli in total. The 32 types of stimuli were classified into the congruent and the incongruent conditions according to the spatial congruency between the egocentric and the allocentric locations of the fork. In the congruent condition, the allocentric and the egocentric positions of the fork were both left or both right (Fig. 1A, left) ; in the incongruent condition, the allocentric position of the fork were on the opposite side of the egocentric position (Fig. 1A, right) .
Participants performed three types of task on the same set of stimuli in Figure 1A , i.e. allocentric, egocentric, and nonspatial color discrimination tasks. In the allocentric judgment task (ALLO), participants were asked to judge whether the fork was on the left or the right side of the plate. In the egocentric judgment task (EGO), participants were asked to judge whether the fork was on the left or right side of the midsagittal of their own body. For the two spatial tasks, participants used the left thumb to press the left button on the response pad for the "left" responses, and used the right thumb to press the right button for the "right" responses. In the nonspatial HLB task (i.e., nonspatial color discrimination task), participants were required to judge whether the fork was light gray or dark gray by pressing the left or the right button on the response pad with their left or right thumb. The mapping between the color of the fork and the response buttons was counter-balanced across participants. Therefore, the experimental design was a 3 (type of task: ALLO, EGO, and HLB) 3 2 (spatial congruency between the egocentric and allocentric positions: congruent vs. incongruent) within-subject design.
Procedures
The presentation of stimuli used a hybrid fMRI design in which the type of task was blocked, and the congruent and incongruent trials were randomly mixed within each block. Each block started with a 3 s visual introduction informing the participants of the type of the task in the following block. Participants performed the three types of task alternately. In each trial, the target was presented for 250 ms. Such a short presentation time of the stimuli was chosen to minimize eye movements [Findlay, 1997; Findlay et al., 2001] . To prevent the participants from using the central fixation, rather than the midsagittal of their body, as the reference to judge the egocentric position of the target, we did not present a central fixation throughout the experiment. For the egocentric and allocentric tasks, there were 48 trials in the congruent and incongruent condition, respectively, and for the nonspatial HLB task, there were 96 trials in the congruent and incongruent condition, respectively, resulting in 512 trials in total (384 experimental trials and 128 null trials). In the null trials, only a blank screen was displayed. There were 6 egocentric blocks, 6 allocentric blocks, and 12 nonspatial HLB blocks. Each block consisted of 16 experimental trials and 5-6 null trials. In each block, the congruent, the incongruent, and the null trials were randomly mixed. The intertrial interval in a block was jittered from 2000 to 3000 ms (2000, 2250, 2500, 2750 , and 3000 ms). All participants performed a 3 min practice session before the scanning.
Data Acquisition and Preprocessing
A Siemens 3T Trio system with a standard head coil at MRI Center in South China Normal University was used to obtain T2*-weighted EPIs with blood oxygenation leveldependent contrast. The matrix size was 64 3 64 mm 3 , and the voxel size was 3.4 3 3.4 3 3 mm 3 . Thirty-six transversal slices of 3 mm thickness that covered the whole brain were acquired interleaved with a 0.75 mm gap (repetition time 5 2.2 s, echo time 5 30 ms, field of view 5132 mm, flip angle 5 908). There was only one run of functional scanning, which was 23.5 min including 640 EPI volumes. The first five volumes were deleted to allow for T1 equilibration effects. After the functional scanning, high-resolution anatomical images were acquired using a standard T1 weighted 3D MPRAGE sequence (voxel size 5 1 3 1 3 1 mm 3 ). Data were preprocessed with Statistical Parametric Mapping software SPM8 (Wellcome Department of Imaging Neuroscience, London, www.fil.ion.ucl.ac.uk). Images were realigned to the first volume to correct for interscan head movements. The mean EPI image of each participant was then computed and spatially normalized to the MNI single-subject template using the "unified segmentation" function in SPM8. This algorithm is based on a probabilistic framework that enables image registration, tissue classification, and bias correction to be combined within the same generative model. The resulting parameters of a discrete cosine transform, which define the deformation field necessary to move individual data into the space of the MNI tissue probability maps, were combined with the deformation field transforming between the latter and the MNI single participant template. The ensuing deformation was subsequently applied to individual EPI volumes. All images were thus transformed into standard MNI space and resampled to a 2 3 2 3 2 mm 3 voxel size. The data were then smoothed with a Gaussian kernel of 8 mm fullwidth half-maximum to accommodate interparticipant anatomical variability.
Statistical Analysis of Behavioral Data
For each of the six experimental conditions, omissions, incorrect responses, and outlier trials with reaction times (RTs) longer than mean RT plus three times standard deviation (SD) or shorter than mean RT minus three times SD were excluded from further analysis. Proportion of the excluded outlier trials in each of the six experimental conditions was calculated as the rate between the number of outlier trials and the overall number of trials in each r Spatial Conflict between Spatial Reference Frames r r 2115 r condition. Error rates were calculated as the proportion of omissions and incorrect trials in each experimental condition. Mean RTs and error rates were submitted to a 3 (type of task: ALLO, EGO, and HLB) 3 2 (spatial congruency between the egocentric and allocentric positions: congruent vs. incongruent) repeated-measures ANOVA, respectively.
Statistical Analysis of Imaging Data
Data were high-pass-filtered at 1/290 Hz and modeled using the general linear model (GLM) as implemented in SPM8. At the individual level, the general linear model was used to construct a multiple regression design matrix including the six experimental conditions, that is, "ALLO_C", "ALLO_IC", "EGO_C", "EGO_IC", "HLB_C", and "HLB_IC". The six types of events were time locked to the onset of target by a canonical synthetic hemodynamic response function and its first-order time derivative with an event duration of 0 s. To account for variance caused by varying RTs within each of the six experimental conditions, RT on each trial was entered as a parametric regressor for each of the six experimental conditions into the general linear model. This parametric regressor modeled the variance in the average BOLD signal that varied linearly with RTs in each of the six experimental conditions. It indicated how much the BOLD responses in a brain region varied with RTs. In addition, all of the 3 s visual introductions before the blocks and the six head movement parameters derived from the realignment procedure were included as confounds. The error trials and outlier trials were modeled as another regressor of no interest. Parameter estimates were calculated subsequently for each voxel using weighted least-squares analysis to provide maximum likelihood estimators based on the temporal autocorrelation of the data.
For each participant, simple main effects for each of the six experimental conditions were computed by applying appropriate "1 0" baseline contrasts, that is, the experimental conditions versus implicit baseline (null trials) contrasts. Specifically speaking, for each of the six experimental conditions, "1" was put on the corresponding HRF regressor, and "0"s were put on all the other regressors. The six first-level individual contrast images were then fed to a 3 3 2 withinsubject ANOVA at the second group level using a randomeffects model (i.e., the flexible factorial design in SPM8 including an additional factor modeling the subject means). In the modeling of variance components, violations of sphericity were allowed for by modeling nonindependence across parameter estimates from the same subject and allowed for unequal variances between conditions and between participants using the standard implementation in SPM8.
For the parametric modulation effect, at the first individual level, the positive parametric modulation effect of RTs in each of the six experimental conditions was calculated by assigning "1" to the corresponding parametric regressor, and assigning "0"s to all the other regressors. The six firstlevel positive parametric modulation contrast images were then fed into a within-participants ANOVA model at the second level group analysis. At the group level analysis, the positive parametric modulation effect of RTs in each experimental condition was calculated by assigning "1" to the corresponding regressor and "0"s to all the other regressors. For both the neural contrasts based on the HRF regressors, and the parametric modulation effects of RTs, areas of activation were identified as significant only if they passed a conservative threshold of P < 0.001, family wise error correction for multiple comparisons at the cluster level, with an underlying voxel level of P < 0.001 uncorrected [Poline et al., 1997] .
Definition of Neural Contrasts
For the main effect of the type of task (collapsed over the spatial congruency factor), the two spatial tasks were first compared with the nonspatial HLB task, respectively, and were then directly contrasted with each other. Specifically, "EGO > HLB" was calculated for the main effect of egocentric task, "ALLO > HLB" for the main effect of allocentric task, and "EGO > ALLO" for the differential activations between the two spatial tasks. Moreover, a statistical conjunction was performed between the "EGO > HLB" and the "ALLO > HLB" contrasts to localize the common activations between the two spatial tasks.
For the main effect of spatial congruency (collapsed over the two types of spatial task), the neural contrast "(EGO_IC 1 ALLO_IC) > (EGO_C 1 ALLO_C)" was calculated. Moreover, the main effect of spatial congruency in the egocentric and allocentric tasks was defined by the neural contrasts "EGO (IC > C)" and "ALLO (IC > C)", respectively. Since there were differences in the bottom-up stimuli between the incongruent and the congruent conditions, and the differences existed in both the spatial tasks and the nonspatial HLB task (Fig. 1A) , the clean spatial congruency effect was further calculated by excluding the differences in bottom-up stimuli between the incongruent and congruent conditions. Specifically speaking, since there existed only physical stimulus difference, but no spatial congruency effect, in the "IC > C" contrast of the nonspatial HLB task, the clean spatial congruency effect commonly induced by egocentric and allocentric representations in the spatial tasks was defined by the neural con-
in which the potential effect of differences in physical stimuli was excluded by subtracting the same "IC > C" contrast in the nonspatial HLB task. Similarly, the spatial conflict effect specifically induced by the egocentric representations was defined by the neural contrast "ALLO (IC > C) > [EGO (IC > C) 1 HLB (IC > C)]/2", in which both the potential differences in the bottom-up stimuli and the spatial conflict effect between the incongruent and congruent condition in the egocentric task were excluded. Following the same logic, the spatial conflict effect specifically induced by the allocentric representation was defined by the neural contrast "EGO (IC > C) > [ALLO (IC > C) 1 HLB (IC > C)]/2", in which both the potential differences in the bottom-up stimuli and the spatial conflict effect between the incongruent and congruent conditions in the allocentric task were excluded.
Regions of Interest (ROI) Analysis
Based on the neural activations from the second-level analysis, six ROIs were defined: (1) the right middle frontal gyrus (MNI: x 5 30, y 5 12, z 5 48) and (2) the right superior parietal cortex (214, 272, 54), which were conjointly activated by the egocentric and allocentric tasks, compared to the nonspatial HLB task; (3) the left precuneus (22, 238, 72), which was commonly involved by spatial conflict effect by the egocentric and allocentric representations; (4) the right superior parietal cortex (18, 258, 48) , which was specifically activated by the spatial congruency effect induced by the egocentric representations; and (5) the right precentral gyrus (36, 222, 60), and (6) the left inferior occipital gyrus (224, 298, 26) , which were specifically activated by the spatial congruency effect induced by the allocentric representations. Mean parameter estimates in the six experimental conditions were further extracted from a sphere of 4 mm radius (twice the voxel size) around the individual peak voxels of the six ROIs, respectively, by using MarsBar 0.43 (http:// sourceforge.net/projects/marsbar).
Furthermore, to avoid the problem of double dipping [Kriegeskorte et al., 2009] , for the neural contrasts of main effects, no further ANOVA analysis was performed on the extracted parameter estimates in the ROIs, and the Figures of the extracted parameter estimates are shown only for the purpose of demonstration (Figs. 2 and 3) . However, since the neural interaction contrasts do not provide statistical information with regard to the specific difference between the key experimental conditions, which drives the interaction, we directly performed planned paired t-tests, rather than the ANOVA analysis, on the key experimental conditions to clarify the specific patterns of interaction (Figs. 4 and 5).
RESULTS
Behavioral Results
First, please note that the mean proportion of the outlier trials was lower than 2% in all the experimental conditions (mean 6 SD: ALLO_C: 1.64 6 1.49%; ALLO_IC: 1.54 6 1.36%; EGO_C: 1.75 6 1.43%; EGO_IC: 1.54 6 1.36%; HLB_C: 1.32 6 0.97%; HLB_IC: 1.64 6 1%), and paired t-tests (with Bonferroni correction) showed that there was no significant difference between six experimental conditions, all Ps > 0.05.
For RTs, the main effect of spatial congruency between the egocentric and allocentric positions was significant, F (1, 18) 5 31.52, P < 0.001. Mean RTs in the incongruent condition (599 ms) were significantly slower than mean RTs in the congruent condition (578 ms), indicating a significant spatial congruency effect between the egocentric and allocentric reference frames. The main effect of the three types of task was not significant, F < 1. The two-way interaction was significant, F (1, 18) 5 21.34, P < 0.001. Further planned t-tests on simple effects indicated that participants responded significantly slower in the incongruent condition than in the congruent condition during the egocentric, t (18) 5 5.58, P < 0.001, and the allocentric judgment tasks, t (18) 5 5.65, P < 0.001, but there was no significant difference between the congruent and incongruent conditions during the nonspatial HLB task, P > 0.05 (Fig. 1B, left) . We further calculated the size of the spatial congruency effect (incongruent > congruent) in the egocentric and the allocentric judgment tasks, respectively. There was no significant difference between the size of the spatial congruency effect in the egocentric and the allocentric tasks, P > 0.05.
For error rates, the main effect of congruency between the egocentric and allocentric positions was significant, F (1, 18) 5 12.98, P < 0.01, indicating more errors in the incongruent condition (5.14%) than in the congruent condition (2.65%). The main effect of task was not significant, F (1, 18) 5 1.05, P > 0.05. The two-way interaction was significant, F (1, 18) 5 4.53, P < 0.05. Planned t-tests on simple effects revealed that participants made more errors in the incongruent condition than in the congruent condition during both the egocentric, t (18) 5 2.56, P < 0.05, and the allocentric judgment tasks, t (18) 5 3.22, P < 0.01, but there was no significant difference between the congruent and incongruent conditions in the nonspatial HLB task, P > 0.1 (Fig. 1B, right) . Furthermore, there was no significant difference between the size of the spatial congruency effect in the egocentric and the allocentric tasks, P > 0.05.
Imaging Results
Main effect of tasks
We first identified neural activations associated with the egocentric and allocentric judgments (collapsed over the congruent and the incongruent conditions). Compared with the nonspatial HLB task, egocentric ("EGO > HLB", Fig. 2A and Table I ) and allocentric judgments ("ALLO > HLB", Fig. 2B and Table I ) conjointly activated right middle frontal gyrus, and bilateral parietal cortex extending to the bilateral middle occipital gyrus (Fig. 2D and Table I ). Mean parameter estimates extracted from the right middle frontal gyrus and the right superior parietal cortex are shown in Figure 2D as a function of the six experimental conditions. In both regions, for both the congruent and incongruent conditions, neural activity was higher in the allocentric and egocentric tasks than in the nonspatial HLB task, and neural activity was higher in the egocentric task than in the allocentric task. Directly compared to the allocentric task, the egocentric task specifically activated the dorsal parieto-frontal areas including the right middle and inferior frontal gyrus, the right superior parietal cortex, and the left inferior parietal cortex (Fig. 2C and Table I ). No significant activation was found in the reverse contrast, i.e. "ALLO > EGO".
Main effect of spatial congruency
We then identified the pattern of neural activity elicited by the main effect of the spatial congruency effect. Compared to the congruent condition (collapsed over the egocentric and allocentric tasks), the left precuneus, the right superior parietal cortex, and bilateral calcarine sulcus were significantly activated in the incongruent condition, i.e., in the main effect contrast "(EGO_IC 1 ALLO_IC) > (EGO_C 1 ALLO_C)" (Fig. 3A and Table II ). In the egocentric task, the right precentral gyrus, the left calcarine sulcus, the right lingual gyrus, and the right inferior occipital gyrus showed significantly higher neural activity in the incongruent condition than in the congruent condition, i.e., "EGO (IC > C)" (Fig. 3B and Table II ). In the allocentric task, the left superior parietal cortex and the right precuneus extending to the right calcarine sulcus showed enhanced neural activity in the incongruent compared with (Fig. 3C and Table II ).
Common neural mechanisms underlying the spatial conflict effect induced by the egocentric and allocentric representations
Neural regions commonly activated by the spatial congruency effect induced by the egocentric and allocentric representations were further localized by the neural contrast "[(EGO (IC > C) 1 ALLO (IC > C)]/2 > HLB (IC > C)", in which the differences in the physical stimuli between the incongruent and congruent conditions were excluded, and only the neural areas commonly involved in the spatial conflict effect induced by the egocentric and allocentric representations were localized. An extended cluster, including the bilateral calcarine sulcus extending medially to the left precuneus, was significantly activated (Fig. 3D and Table III ). The extracted parameter estimates in the six experimental conditions from the left precuneus showed that neural activity was higher in the incongruent than congruent condition during both the allocentric and the egocentric judgments, but not during the non-spatial HLB task (Fig. 3D) . The coordinates (x, y, z) correspond to MNI coordinates. Displayed are the coordinates of the maximally activated voxel within a significant cluster as well as the coordinates of relevant local maxima within the cluster (in Italics). The coordinates (x, y, z) correspond to MNI coordinates. Displayed are the coordinates of the maximally activated voxel within a significant cluster as well as the coordinates of relevant local maxima within the cluster (in Italics). (Fig. 4 and Table III ). For the right precentral gyrus, planned t-tests on the extracted mean parameter estimates revealed significantly higher neural activity in the EGO_IC condition than in the EGO_C condition, t (18) 5 4.45, P < 0.01, whereas there was no significant difference between the congruent and incongruent conditions in either the allocentric, t (18) 5 1.47, P 5 0.16, or the nonspatial HLB tasks, t (18) 5 0.42, P 5 0.68 (Fig. 4, upper panel) . For the left inferior occipital gyrus, neural activity was significantly higher in the EGO_IC condition than in the EGO_C condition, t (18) 5 2.96, P < 0.01, while the pattern of neural activity was significantly reversed in the allocentric, t (18) 5 2.83, P < 0.05, and the nonspatial HLB, t (18) 5 3.63, P < 0.01, tasks, by showing significantly higher neural activity in the congruent than incongruent condition (Fig.  4, lower panel) . The right inferior occipital gyrus showed similar patterns of neural activity as the left inferior occipital gyrus.
Specific neural mechanisms underlying the spatial conflict effect induced by the irrelevant egocentric representations in the allocentric task Neural correlates underlying the spatial conflict effect specifically in the allocentric task were localized by the neural contrast "ALLO (IC > C) > [EGO (IC > C) 1 HLB (IC > C)]/2". The right superior parietal cortex was significantly activated (Fig. 5A and Table III) . Mean parameter estimates extracted from the right superior parietal cortex are shown in Figure 5A as a function of the six experimental conditions. Planned t-tests on the extracted parameter estimates revealed that neural activity was significantly higher in the ALLO_IC condition than in the ALLO_C condition, t (18) 5 2.96, P < 0.01, but there was no significant difference between the congruent and incongruent conditions in either the egocentric, t (18) 5 1.57, P 5 0.13, or the non-spatial HLB task, t (18) 5 0.59, P 5 0.56 (Fig. 5A) . Moreover, neural activity was significantly higher in the egocentric task than in the allocentric, t (18) 5 3.24, P < 0.01, and the nonspatial HLB tasks, t (18) 5 5.24, P < 0.01 (collapsed over the congruent and incongruent conditions).
Parametric modulation effects of RTs
Significant positive parametric modulation effect of RTs was found only in the ALLO_IC condition, but not in the other experimental conditions. Moreover, bilateral superior parietal cortex was significantly activated by the positive parametric modulation effect of RTs specifically in the ALLO_IC condition: the higher the neural activity in the bilateral superior parietal cortex, the slower the RTs (Fig.  5B) . Importantly, the superior parietal regions activated by the positive parametric modulation effect of RTs in the ALLO_IC condition (Fig. 5B ) overlap with the superior parietal regions specifically involved in the spatial conflict effect evoked by the irrelevant egocentric representations in the ALLO_IC condition (Fig. 5A ). An anatomical conjunction analysis between the positive parametric modulation effect of RTs in the ALLO_IC condition (Fig. 5B) and the spatial conflict effect specifically induced by irrelevant egocentric representations in the ALLO_IC condition (Fig.  5A) further confirmed that the right superior parietal The coordinates (x, y, z) correspond to MNI coordinates. Displayed are the coordinates of the maximally activated voxel within a significant cluster as well as the coordinates of relevant local maxima within the cluster (in Italics).
r Spatial Conflict between Spatial Reference Frames r r 2123 r cortex was conjointly activated by the two effects (Fig. 5C , upper panel). Mean parameter estimates on the HRF regressors and on the parametric regressors of RTs of the six experimental conditions were extracted from the conjointly activated superior parietal region, and are shown as a function of the six experimental conditions, respectively (Fig. 5C, lower panel) . The extracted parameter estimates on the HRF regressors revealed similar pattern of neural activity as that shown in Figure 5A : neural activity in the right superior parietal cortex was not only higher in the incongruent than congruent condition of the allocentric judgment task, but also higher during the egocentric than allocentric judgment task (Fig. 5C, upper panel) . In the meanwhile, parameter estimates on the parametric regressors of RTs showed that the positive correlation between neural activity in the right superior parietal cortex and RTs was significant specifically in the ALLO_IC condition, rather than in the other conditions (Fig. 5C , lower panel).
DISCUSSION
In this fMRI study, by manipulating the spatial congruency between the allocentric and egocentric positions (congruent vs. incongruent) and asking participants to perform egocentric, allocentric, and nonspatial HLB tasks on the same set of stimuli, we aimed to investigate the common and specific neural mechanisms underlying the spatial congruency effect induced by the egocentric and allocentric representations. At the behavioral level, significant spatial congruency effect was observed in both the egocentric and the allocentric tasks, i.e., responses were significantly slower in the incongruent than congruent condition (Fig. 1B) . The present behavioral results thus replicated previous evidence by showing that spatial positions relative to the irrelevant frame of reference were not only represented but also interfered with the spatial judgments relative to the taskrelevant frame of reference [Zhang et al., 2013] .
At the neural level, the main effect of the type of tasks replicated previous evidence by showing that the parietofrontal network was more significantly involved in the egocentric than allocentric task (Fig. 2) [Chen et al., 2012; Committeri et al., 2004; Fink et al., 1997 Fink et al., , 2003 Neggers et al., 2006; Vallar et al., 1999; Zaehle et al., 2007] . Furthermore, the current results extend the previous findings by showing that the involvement of the parieto-frontal network in coding the egocentric and allocentric representations is independent of the spatial congruency between the two frames (Fig. 2) . However, the main effect of the spatial congruency effect revealed that the dorsal visual stream along the medial wall is involved in the spatial congruency effect between the two frames, irrespective of the type of spatial tasks (Fig. 3) . Moreover, the right superior parietal cortex (Fig. 5A ) and the right precentral gyrus (Fig. 4) were specifically involved in the spatial congruency effect induced by the irrelevant egocentric and allocentric representations, respectively. Please note, in the present study, the spatial conflicts between the allocentric and egocentric reference frames implicated the parietooccipital areas (Fig. 3) , rather than the typical prefrontal (anterior cingulate cortex and/or dorsolateral prefrontal cortex) cognitive control areas, which have been associated with the classical executive control tasks [e.g., Fan et al., 2003; Peterson et al., 2002] . It has been suggested that specific neural regions are engaged in different kinds of conflict depending on the task demands [Banich et al., 2000; Liu et al., 2004; Niendam et al., 2012] . For example, a variety of neuroimaging evidence demonstrated that parietal-occipital areas (including superior parietal cortex, precuneus, and visual processing areas) showed enhanced activity in attention-demanding tasks, especially when the spatial information was task-relevant [Banich et al., 2000; Fan et al., 2003; Liu et al., 2004; Peterson et al., 2002] . The spatial relationship between the allocentric and egocentric positions in this study may emphasize the attentional demands on spatial information, and accordingly recruit the parietaloccipital regions, rather than the prefrontal regions.
In the following paragraphs, we will focus our discussions on the novel findings in this study, that is, the common and specific neural correlates underlying the spatial congruency effect induced by task-irrelevant allocentric (in the egocentric judgment task) and task-irrelevant egocentric (in the allocentric judgment task) representations, respectively.
Common Neural Correlates Underlying the Spatial Conflict Effect Induced by the Allocentric and Egocentric Representations
The spatial conflict effect commonly induced by the task-irrelevant allocentric and egocentric representations, irrespectively of the type of spatial tasks, was associated with enhanced neural activity in the bilateral calcarine sulcus extending medially to the left precuneus in the incongruent conditions, compared to the congruent conditions. Moreover, the above spatial conflict existed only in the two types of spatial judgment tasks, but not in the nonspatial HLB task (Fig. 3D) , indicating a clean effect free of the influences from bottom-up stimuli.
It has been suggested before that the medial parietal cortex and the dorsal visual association were generally involved in spatial conflict tasks irrespective of the type of the task-irrelevant information [Fan et al., 2003; Peterson et al., 2002; Wittfoth et al., 2006] . For example, in the Simon effect, a typical spatial conflict effect, the precuneus and the dorsal visuospatial association showed significantly enhanced neural activity when the task-irrelevant target position was incongruent with the task-relevant response coding compared to when congruent [Fan et al., 2003; Liu et al., 2004; Peterson et al., 2002; Wittfoth et al., 2006] . Moreover, another classical type of spatial conflict effect is observed in the Flanker task, which involves responding to a central stimulus surrounded by flankers [Eriksen and Eriksen, 1974] . For example, one version of the r Liu et al. r r 2124 r flanker task uses a central target arrow pointing to one direction and two flanker arrows pointing to either the same or different direction from the central arrow. Previous evidence suggested that the spatial conflict caused by the taskirrelevant flanker arrows was also associated with enhanced neural activity in the precuneus and the visual association areas [Fan et al., 2003] . It has been suggested that when the irrelevant target position was incongruent with the required response in the classical Simon effect, the demands on spatial processing increased, which might result in enhanced neural activity in the brain regions associated with processing spatial information [Cieslik et al., 2010; Liu et al., 2004; Peterson et al., 2002] .
Consistent with previous findings, in this study, the dorsal-medial visuoparietal stream showed enhanced activity whenever there existed conflicts between the two spatial reference frames, irrespective of the type of the irrelevant spatial information. It has been suggested before that the dorsal visual stream consisted of two substreams: the dorsodorsal (d-d) stream and the ventro-dorsal (v-d) stream [Rizzolatti and Matelli, 2003 ]. Anatomically, the medial part of the dorsal visual stream, that is, the dorso-dorsal stream (dd stream), projects from early visual areas to the superior parietal cortex; the ventro-dorsal (v-d) stream is formed by area MT and the inferior parietal lobule. Functionally, the dorso-dorsal stream is involved in transforming information about the spatial location of the target objects into the coordinate frames of the effectors being used to perform actions, whereas the ventro-dorsal stream is responsible for the organization of grasping and action manipulations [Goodale, 2014; Goodale and Milner, 1992; Murata et al., 2000; Rizzolatti and Matelli, 2003] . Together with previous evidence, these results suggested that when spatial information from the two frames of reference was in conflict, the dorso-dorsal stream might be involved to expedite the access to sensorimotor representations for spatial information from the taskrelevant frame of reference.
Specific Neural Correlates Underlying the Spatial Conflict Effect Induced by the Irrelevant Allocentric Representations
The bilateral inferior occipital gyrus and the right precentral gyrus were significantly involved in the spatial conflict effect induced by the irrelevant allocentric representation during the egocentric judgment task (Fig. 4) . Our hypothesis was that the specific neural correlates underlying the spatial conflicts induced by the task irrelevant allocentric representations should be found in the neural regions specifically coding the allocentric representations. In contrast to our hypothesis, however, the bilateral inferior occipital gyrus and the right precentral gyrus did not show significantly higher neural activity during the allocentric than egocentric judgment task, indicating that these areas were not specifically involved in coding the allocentric representations.
The right precentral gyrus showed significantly higher neural activity in the incongruent than congruent condition of the egocentric tasks, and no significant difference between the congruent and incongruent conditions of the other two tasks (Fig. 4) . These results indicated the involvement of the right precentral gyrus in the spatial conflict effect per se, rather than in the difference of bottom-up stimuli. Due to its anatomical organization, the precentral gyrus is considered to be a critical area for the planning, selection and execution of responses [Murray et al., 2000; Riehle et al., 1997; Schluter et al., 1998; Simon et al., 2002; Ugur et al., 2005] . Moreover, it has been revealed before that the precentral gyrus was involved in various spatial compatibility tasks [Crammond and Kalaska, 1994; Dassonville et al., 2001; Koski et al., 2005] . For example, in the stimulus-response compatibility tasks, in which the participants were instructed to press a response button on the same side of the stimulus in the compatible condition while on the opposite side in the incompatible condition, the precentral gyrus showed enhanced activity in the incompatible than compatible condition [Dassonville et al., 2001; Koski et al., 2005] . TMS over the precentral gyrus could facilitate the responses in the incompatible condition, indicating its functional role in conflict resolution [Koski et al., 2005] . However, previous evidence from both human and nonhuman primate studies indicated that the precentral gyrus was involved in multisensory integration, during which sensory inputs were transformed to the sensorimotor representations to maintain the egocentric coordinate frame [Desmurget et al., 2014; Galati et al., 2001; Lemon, 2008; Pouget and Snyder, 2000] . For example, in the rod-and-frame illusion, a square frame titled from the vertical line distorts the observer's sense of straight ahead, causing the perceived orientation of a vertical rod within the frame to tilt towards the opposite direction of the frame [Zoccolotti et al., 1997] . In the rod-and-frame illusion, the integration of visual information with somatosensory and internal egocentric representation is necessary to orient the rod despite of the influence from the titled frame [Barra et al., 2010; Fiori et al., 2015] . Recent evidence indicated that the precentral gyrus was involved in such illusion by coding accurate egocentric representations despite of the influences from background (allocentric) information [Baier et al., 2012] . In this study, especially in the incongruent condition of the egocentric task, the participants are required to maintain unbiased egocentric representations of the fork against the contextual (allocentric) influences from the background plate. Accordingly, the precentral gyrus might be involved in coding unbiased egocentric representations via resolving conflicts from the contextual information.
Specific Neural Correlates Underlying the Spatial Conflict Effect Induced by the Task-Irrelevant Egocentric Representations
Our hypothesis is that the specific neural correlates underlying the spatial conflicts induced by the task-irrelevant r Spatial Conflict between Spatial Reference Frames r r 2125 r egocentric representations should be found in the neural regions specifically coding the egocentric representations. Furthermore, the more active the task-irrelevant egocentric representations, the higher neural activity should be observed in the brain regions specifically coding the egocentric representations, the higher spatial conflicts should be caused by the task-irrelevant egocentric representations, and the slower RTs should be observed specifically in the ALLO_IC condition. Consistent with the above hypothesis, the right superior parietal cortex showed not only higher neural activity in the incongruent than congruent condition of the allocentric judgment task (Fig. 3C ), but also significantly higher neural activity during the egocentric than allocentric judgment task (Fig. 5A) . Moreover, exactly the same right superior parietal area was significantly involved in the positive parametric modulation effect of RTs specifically in the ALLO_IC condition (Fig.  5B,C) . The latter parametric modulation results further confirmed our predictions: the higher neural activity in the superior parietal cortex which codes the irrelevant egocentric representations, the more active these irrelevant egocentric representations, the higher spatial conflicts and the slower RTs were observed in the ALLO_IC condition (Fig. 5C ).
Evidence from previous neuropsychological studies suggested that the right superior parietal cortex played an important role in forming egocentric representations. For example, patients with damages to the right hemisphere show a dysfunction of egocentric reference frame by displacing the midsagittal plane towards the side of the lesion. Neural correlates underlying such egocentric disorders are associated with damages to the right parietal cortex, especially the right superior parietal cortex [Levine et al., 1978; Perenin and Vighetto, 1988; Vallar, 1998 ]. Moreover, a large body of brain imaging literature provided evidence on the involvement of the superior parietal cortex in the EGO [Chen et al., 2012; Fink et al., 1997 Fink et al., , 2003 Galati et al., 2000; Neggers et al., 2006] . In this study, the higher neural activity in the right superior parietal cortex in the egocentric than allocentric tasks is consistent with the critical role of the right superior parietal cortex in coding egocentric representations (Fig. 5A) . Furthermore, the right superior parietal cortex was specifically activated by the spatial conflicts caused by the irrelevant egocentric representations, indicating the processing of the task-irrelevant egocentric spatial information during the allocentric judgment tasks (Fig. 5A-C) . Upon the onset of a behavioral target in the visual scene, both its allocentric and egocentric positions are represented and interact with each other [Zhang et al., 2013] . In the present allocentric tasks, the covariance of neural activity in the superior parietal cortex with RTs specifically in the ALLO_IC condition, but not in the ALLO_C condition, might indicate that the automatically coded task-irrelevant egocentric representations became more active in the incongruent, rather than congruent, condition (Fig. 5) .
CONCLUSION
To summarize, by manipulating the spatial congruency between the allocentric and egocentric reference frames, we found both shared and specific neural correlates underlying the spatial congruency effect induced by the allocentric and the egocentric representations in the human parieto-frontal brain network. The dorsal-dorsal visual stream was generally involved in spatial conflicts irrespective of the type of spatial distracting information. The right superior parietal cortex and the right precentral gyrus, however, were specifically involved in the spatial conflicts induced by the egocentric and the allocentric positions, respectively. Taken together, our results, for the first time, revealed the different functional roles played by different sub-regions of the human parieto-frontal network in processing the spatial congruency effects between the allocentric and the egocentric representations.
